Carbon aerogels doped with nanoscaled Co particles were prepared by first coating activated carbon aerogels using a wet-thin layer coating process. The resulting metal doped carbon aerogels had a higher surface area (~1667 m 2 g -1 ) and larger micropore volume (~0.6 cm 3 g -1 ) than metal doped carbon aerogels synthesised using other methods suggesting their usefulness in catalytic applications. The hydrogen adsorption behaviour of cobalt-doped carbon aerogel was evaluated, displaying a high ~4.38 wt.% H 2 uptake under 4.6 MPa at -196 o C. The hydrogen uptake capacity with respect to unit surface area was greater than for pure carbon aerogel and resulted in ~1.3 H 2 (wt. %) per 500 m 2 g -1 . However, the total hydrogen uptake was slightly reduced as compared to pure carbon aerogel due to a small reduction in surface area associated with cobalt doping. The improved adsorption per unit surface area suggests that there is a stronger interaction between the hydrogen molecules and the cobalt doped carbon aerogel than for pure carbon aerogel.
Introduction
Carbon aerogels (CAs) have drawn much attention as effective physisorbents and as components in other energy storage applications such as fuel cells because of their abundant pores and favorable electrochemical properties [1 -4] . Recently, one area of significant interest involves the incorporation of metal species into the CA framework with the goal of modifying its structure and catalytic activity [5] . Metal-doped CAs have shown an increased enthalpy of adsorption for hydrogen [2] , and as such have been investigated as a hydrogen storage medium. Previously, an ion exchange method has been used to uniformly incorporate metal ions into a CA matrix. This process involves producing a potassium-doped hydrogel via the base catalysed polymerization of an aqueous solution of formaldehyde and a potassium salt. The potassium ions can then be replaced with the desired metal ion via ion exchange and the metal-doped hydrogels can then be pyrolysed to generate a metal-doped CA [6] . This metal doping method, however, lacks the crucial step of activation that results in the high surface area and microporosity typical of CAs. For example, it has been shown that for pure CAs, activation leads to a 53% increase in surface area (from 1005 cm -1 g -1 to 1539 cm -2 g -1 ) and a 31% increase in micropore volume (from 0.51 cm 3 g -1 to 0.71 cm 3 g -1 ) [7] . The activation process for metal doped CAs is avoided as the high temperature that is required results in significant growth of the metal particles as well as deposition of a graphitic coating on the metal particles, hindering access for gaseous molecules such as hydrogen. Additionally, it is our experience that the presence of cobalt during activation greatly accelerates carbon loss, in accord with previous findings [8] .
Our goal herein was to develop a new method that would allow us to maintain the high surface area and microporosity of pure CA, whilst also incorporating a uniform distribution of metallic cobalt particles.
Experimental
In this study, CAs were prepared from resorcinol (R) (99.0%), furfural (F) (99.0%),
and Hexamethylenetetramine (HMTA) (99.0%), that were all obtained from Sigma Aldrich Pty. Ltd., Australia. The bare CA synthesis procedure is detailed in Ref. [7] . Number 69 was used [11] . This second mass loss arises due to the decomposition of the cobalt acetate into cobalt oxide via the intermediate compounds acetyl cobalt acetate and cobalt acetate hydroxide [12] . Finally, metallic Co is formed along with unfavourable Co oxides.
Results and discussion
Co 3 O 4 is detected if the sample is pyrolysed in air, whereas CoO is found if the sample is pyrolysed under a nitrogen atmosphere [12] . In the presence of excess oxygen during pyrolysis, the CoO is oxidised at temperatures of 400 -500°C forming blue cobalt (II,III) oxide (Co 3 O 4 ) which has the spinel structure. A TEM micrograph of CA-Co-I is shown in Fig. 3 , which displays metalcontaining particles well dispersed in the CA with particles sizes between 2 and 8 nm.
The microstructure of the pure CA and its pores can also be seen in this image as an interconnected bead structure analogous to that of typical aerogels prepared by Pekala [1] . These beads are generally several nanometers in size, and many micropores can be found with pore sizes in the range of 1 -2 nm (determined via a pixel counting method using DigitalMicrograph software (Gatan, USA)) which agree with small angle X-ray scattering (SAXS) average pore size measurements [7] .
Hydrogen sorption measurements were performed at both room temperature and at cryogenic temperature (-196 The measured excess wt.% of hydrogen is much higher than that of metal-doped CAs previously presented in the literature (2.1 wt.% for Co-CA and 2.3 wt.% for Ni-CA) [2] . The higher hydrogen storage capacity in the Co-CA-I is attributed to the higher surface area and large micropore volume obtained by our efficient synthesis method.
However, the hydrogen uptake in CA-Co-I is approximately 10% lower than the uptake in pure CA as shown in Table 1 . This phenomenon is mainly related to the decrease in micropore volume in the cobalt-doped sample, i.e. from 0.7 cm 3 g -1 for CA to 0.6 cm 3 g -1 for CA-Co-I. There is a large decrease (~67%) in hydrogen uptake for CA-Co-II because of the large decrease in surface area (77%) and micropore volume (71%). This is because the potential field generated by the micropore walls acts to enhance the binding energy between hydrogen molecules and carbon adsorbent. The decrease in the pore volume suggests that metallic particles are filling the larger pores,
i.e. mesopores, which leads to a drop in the total pore volume from 1.32 cm 3 g -1 for pure CA to 0.70 cm 3 g -1 for the CA-Co-I. There is a small decrease in micropore volume (~drop 7 %) which may be suggestive of a degree of micropore blocking from the cobalt particles. It is therefore suggested that cobalt acetate molecules mainly diffuse into the bigger pores, instead of the micropores. This is consistent with the TEM results which show particle sizes larger than 2 nm. It is worth pointing out that the micropore volume of the CA-Co-II is dramatically lower than that of the CA-Co-I, although the total pore volume is actually larger than that of CA-Co-I. The high surface area and large micropore volume associated with cobalt doped CA-Co-I
suggests that samples synthesised with this method may be suitable for a variety of applications including gas sorption and catalysis due to the high degree of control during the synthesis method over surface area, pore volume, dopant species and dopant levels. The hydrogen uptake per unit surface area of CA (shown in Fig. 4a ) is similar to that for activated carbons. i.e. 1 wt.% for every 500 m 2 g -1 of surface area [2] , i.e. "Chahine rule" [13] . It is worth noting that the hydrogen uptake per unit surface area of cobalt- particles and carbon surface which give rise to enhanced hydrogen adsorption capacity. In the case of CA-Co-II, this increased interaction strength comes with a significant penalty to the surface area and, ultimately, the total hydrogen uptake.
Previous hydrogen desorption measurements on pure CA do not show hysteresis.
Additionally, Kabbour et al. [2] have shown that there is no hysteresis associated with hydrogen desorption in their cobalt and Ni doped CAs. As such we expect little or no hysteresis to be associated with hydrogen desorption from CA-Co-I. The method we have used to dope carbon aerogels is actually dependent on the carbon aerogels having mesoporosity. Activated carbons are typically almost completely microporous (pore size < 2 nm) [14] . Hence, the size of solvated cobalt acetate tetrahydrate molecules is typically too large to fit into most of these pores (~13.5 Å by our calculations) and any cobalt particles formed would be external to the pore structure.
Having the cobalt particles within the pore structure will take advantage of the high surface area for catalytic applications and gas adsorption. Producing cobalt within the smaller pores of activated carbon would be dependent on finding a reagent that has a smaller solvation size yet can still be reduced back to metallic cobalt. On the basis of our results, the flexibility of chemistry synthesis approaches allows for the incorporation of metal dopants into a porous carbon matrix to enhance hydrogen uptake in Co doped CA with respect to unit surface area or micropore volume.
However, whether the adsorption mechanism is due to surface heterogeneity, to the interaction among adsorbed molecules, or to the interaction between hydrogen molecules and metallic particles is yet to be determined from our measurements.
Research is now in progress to clarify the role of metallic particles during hydrogen adsorption, e.g. the effects of metal dopants on the heat of adsorption.
Conclusions
In this communication, metal doped CA with metallic cobalt particles between 2 and An enhanced hydrogen uptake with 15% increase from 1.1 wt.% for every 500 m 2 g -1 of surface area can be obtained in the metallic doped CA with respect to unit surface area.
